Abstract: We propose and study optical delay lines with high capacity and low dispersion based on a plasmonic waveguide periodically coupled with bilaterally located ring and slot resonators. The repetitive unit exhibits plasmon-induced transparency (PIT) with a large delay-bandwidth product due to the interference between the two-mode ring and singlemode slot resonators. By choosing appropriate parameters, the cascaded PIT units can possess a broad transparency window with moderate fluctuations and produce wideband dispersionless slow light. A theoretical model is developed to analyze the proposed structure and the results are validated by finite-difference time-domain simulations. The pulse propagation results indicate that the spectral fluctuations have a negligible effect on the delayed pulse shape. Using multiple cascaded PIT units, we demonstrate that the group index of the waveguide approaches 36, the 3-dB bandwidth is larger than 21 nm, and a storage efficiency of 0.5 bit/unit can be realized with negligible distortion. Due to the high performance, the proposed delay line may find potential applications in future nanoscale integrated photonic systems.
Introduction
Optical delay lines are crucial components for photonic networks and signal processing systems [1] . To reduce the device length, slow light with a remarkably low group velocity is utilized. On-chip optical delay lines at room temperature are preferred in many applications. An optical resonator is often used to slow down light by circulating it over many round trips [2] , [3] . Classical analogy to electromagnetically induced transparency (EIT) is also proposed to produce slow light using two coupled optical resonators [4] , [5] . However, a very large delay in a single resonator or EITlike system is associated with a very narrow bandwidth. To improve the delay-bandwidth product (DBP), much attention has been paid to coupled-resonator optical waveguides and side-coupled integrated spaced sequence of resonators [6] . It is known that increasing the number of resonators can enhance the DBP and storage capacity defined as the maximum number of pulses (bit-slots) accommodated into the structure. But the problem with these dispersive structures is the large group velocity dispersion (GVD), which leads to signal distortion and intersymbol interference. Hence, many efforts have been made to minimize the GVD [7] , [8] . On the other hand, it is also important to produce high-capacity and low-distortion slow light in a limited propagation length (or footprint). Thus, the configuration of coupled resonators should be engineered to improve the storage efficiency that gives the number of bits stored in every resonator [9] .
Surface plasmon polaritons (SPPs) are charged waves propagating along the metal-dielectric interfaces, and they can squeeze the light beyond the diffraction limit [10] . Metal-insulator-metal (MIM) waveguide receives much attention for the nanoscale light confinement and acceptable propagation length [11] - [16] . Compared to dielectric waveguide devices, MIM plasmonic waveguide devices are extremely compact and usually several orders of magnitude smaller. Numerous MIM plasmonic devices have been investigated, such as resonators [11] , Bragg reflectors [12] , sensors [13] , demultiplexers [14] , switches [15] , and delay lines [16] . To realize slow light in the nanoscale, MIM based Bragg gratings [17] , [18] and two coupled resonators [19] - [21] exhibiting plasmon-induced transparency (PIT) have been studied extensively. Nevertheless, in these systems, significant reduction of group velocity is accompanied by large dispersion and narrow bandwidth. Therefore, cascaded PIT units [22] - [24] are suggested and optimized to provide a "U-shaped" group index curve, which shows a large DBP and nearly zero GVD over a broad bandwidth. Thus, it is possible to achieve high-capacity slow light with low distortion in this kind of structures. By cascading three PIT units, Y. Huang et al. [22] realized zero group velocity dispersion at the frequency where the group index is about 30. Then, G. X. Wang et al. [23] employed eleven PIT units and obtained a group index of ∼22 over a bandwidth of 8.6 THz (or 19.5 nm in wavelength), resulting in a pulse delay more than 1 bit with shape distortion of only 2.12%. However, due to the limited DBP of previous PIT structures, to further enhance the storage efficiency with low signal distortion is still challenging.
In this paper, we investigate systematically a novel delay line based on a MIM waveguide periodically coupled with bilaterally located ring and slot resonators. The repetitive ring-bus-slot (RBS) unit exhibits an unusual PIT window with a weakly resolved doublet and higher DBP than previous PIT systems. As a result, by cascading the PIT units properly, the delay line can be endowed with a broad and moderately fluctuant transparency window, different from the "U-shaped" curve and bringing high-capacity and dispersionless slow light. A theoretical model is developed to describe the proposed delay lines using a coupled mode theory (CMT)-based transfer matrix method (TMM). The calculation results are consistent with our finite-difference time-domain (FDTD) simulations. Using the FDTD method, we have simulated the spectra of transmission, phase, time delay, etc. of the slow-light devices, and the Gaussian pulse propagation to provide direct evidence for the slow light process. It is found that the time delay spectrum is moderately fluctuant, and the higher-order dispersions are around zero. The numerical results show that as multiple PIT units used, the group index of the waveguide approaches 36, and the 3-dB bandwidth is larger than 21 nm. Meanwhile, 3 buffered bits and a storage efficiency as high as 0.5 bit/unit have been realized with a distortion of no more than 1.3% in a 4-μm-long waveguide. Therefore, due to the high storage efficiency and low dispersion, the proposed delay line is a promising candidate for optical buffering and optical storage in the nanoscale integrated photonics. Fig. 1(a) shows the configuration of the proposed plasmonic system made of a MIM waveguide periodically coupled with bilaterally located ring and slot resonators. In this work, the dielectric material is air (n = 1) and the background material is silver. TM-polarized mode is supported and strongly confined in the MIM waveguides. The repetitive unit is a ring-bus-slot (RBS) structure, which can exhibit PIT transmission with a large DBP for slow light, as reported recently in [21] . Here, the positions of ring and slot resonators with respect to the central waveguide are exchanged for the neighboring two RBS units in the chain, in order to shorten the distance between the two adjacent units without significant direct coupling. The width of the waveguide, ring, and slot cavity is the same and denoted by w. L is the length of slot cavity, R is the inner radius of the ring, g 1 (g 2 ) is the gap between the bus and ring (slot cavity), and p is the distance between two neighboring RBS units (i.e., period of each unit cell). For the whole system given in Fig. 1(a) , the input and output waves in the bus waveguide are denoted by
Configuration and Analytical Model
T . Then, we can describe the spectral response of the presented periodic system with a matrix model [25] incorporating the response of RBS structure and the light propagation within the connected straight waveguide.
As seen in Fig. 1(b) , the RBS unit consists of a two-mode ring resonator and a single-mode slot resonator. Here, α
, and α 2 represent the resonance amplitudes of the counterclockwise (CCW) and clockwise (CW) modes in the ring and the slot cavity mode, respectively. When the light at frequency ω is only incident from the left, using temporal CMT, the time evolution of α
, and α 2 can be expressed as [21] 
Where ω
and ω 2 are the resonant frequencies of the CCW, CW modes, and the slot cavity mode, respectively. 1/τ o1 (1/τ o2 ) is the decay rate due to intrinsic loss in the ring (slot cavity), and 1/τ e1 (1/τ e2 ) is decay rate due to energy in the ring (slot cavity) escaping into the bus. ξ is the mutual coupling coefficient between the CCW and CW modes, and μ is the direct coupling coefficient between the slot cavity mode and the CW/CCW mode. 
After that, using (1) and (2) and the steady-state conditions, we obtain the amplitude transmission (t) and reflection (r) of the RBS unit using the CMT method as follows,
Where γ
Then, considering the incident waves from both sides, we have S
, and can derive the relation,
where K stands for the transfer matrix of RBS unit. Similarly, we have the propagation matrix P of the straight waveguide between two adjacent RBS units:
Where φ = 2πn eff /λ is the accumulated phase shift of light propagating through the waveguide section (length: p), λ is the free space wavelength, and n eff is the complex effective refractive index of waveguide mode.
Consequently, the overall transfer matrix M of the system with N unit cells is obtained by a matrix multiplication:
For a single input (S − in = 0), we can finally get the amplitude transmission T and reflection R of the entire system using the CMT-based TMM as follows,
Thus, the power transmission and phase shift of the system can be derived by T p = |T | 2 and = arg (T), respectively. 
FDTD Simulations and Physical Explanation
Below, we use two-dimensional FDTD method to simulate the proposed system. The permittivity of silver as a function of the wavelength is interpolated from the experimental results [26] . The material dispersion is considered. The grid size is 2.5 nm × 2.5 nm, and the calculation domain is surrounded by perfectly matched layer absorbing boundary. The MIM waveguide is excited by a TM-polarized light incident from the left. Firstly, we simulate the optical response of a single RBS structure. The geometrical parameters are set as: w = 50 nm, R = 350 nm, g 1 = 10 nm, g 2 = 5 nm, and L = 199 nm, which are fixed for the RBS unit in this paper. In Fig. 2 , we can see that the RBS unit exhibits a PIT window with a weakly resolved doublet in the transmission spectrum, and a slightly splitted absorption band in the reflection spectrum. This PIT lineshape is caused by the destructive interference between a radiant slot cavity mode and two subradiant ring modes with minor frequency detuning. Then, we extract the parameters step by step. The ring-bus and slot-bus structures can be regarded as two special cases of the RBS system. Thus, firstly, we can extract the relevant parameters of the individual ring (slot) resonator by fitting the FDTD results of the ring-bus (slot-bus) structure. Then, using these values, the coupling coefficient μ is further obtained by fitting the FDTD results of the whole RBS system. Finally, we have obtained: Fig. 2 show close agreement with the FDTD results. Then, we cascade two such PIT units, which are linked by a straight waveguide of length p. Fig. 3(a) shows the evolution of transmission spectrum of this system with p, calculated by applying the extracted parameters of RBS unit and n eff = 1.465 + 0.003i in the analytical model. Using the FDTD method, the transmission spectra of this system with varied p are presented in Fig. 3(b) for comparison. As seen, the numerical and analytical results exhibit the same trend: as p increases, a Fabry-Perot resonance peak moves rightwards, and when it overlaps with the middle PIT window, an anti-crossing occurs. The Fabry-Perot resonance is generated by the optical reflection between two nearby slot cavities. It is noteworthy that the PIT window is greatly broadened for p = 600 nm, because of the coherent interference between PIT and Fabry-Perot resonances. Fig. 3(c) shows the transmission spectra and phase shifts of the optimized system using both analytical and numerical methods. It is observed that the theoretical results fit the FDTD simulations very well. To provide a physical insight, we plot the field distributions of |H z | in Fig. 3(d)-(g) at the wavelengths depicted in Fig. 3(c) . It is seen that standing-wave field in the waveguide between two RBS units is relatively weak at λ 1 , λ 2 , and λ 3 , while it is much stronger than the fields in the two rings at λ 4 . It implies that the broadened PIT window is caused by the interference of overlapped Fabry-Perot resonance. 
Slow-Light Characteristics of Two Cascaded PIT Units
In this section, we investigate the slow-light characteristics of the same structure used in Fig. 3(c) . Using FDTD, we firstly simulate the power transmission and phase response of the system. Then, the time delay τ d can be obtained by
, where is the phase shift, ω is the light angular frequency, and c is the speed of light in free space. Fig. 4(a) shows the power transmission and resulting time delay of the cascaded structures. It is seen that moderate ripples exist in the transparency window. Consequently, we calculate the higher-order dispersions in this system, which can cause the degradation of output signal. As shown in Fig. 4(b) , we obtain the GVD and third-order dispersion (TOD) parameters by using
, respectively, where L n is the device length. We observe that the GVD and TOD values are quite low and fluctuating around zero in the transparency regime. Particularly, the GVD values at λ A , λ B , λ C , and λ D (i.e., peaks and valleys in the time delay spectrum) all are equal to zero, and the GVD value at λ E is close to zero. Thus, it is predictable that an incident optical pulse centered at such wavelengths can be slowed down with negligible distortion in this system.
To validate the analysis, we perform the FDTD simulations of a Gaussian light pulse propagating through the system. As given in Fig. 4(c) , for the labeled central wavelengths, the optical pulses are delayed by similar values (151 ± 7 fs) with weak distortion. The power attenuation is about 15.5% for the pulses centered at λ A , λ B , λ C , and λ D , while it is 13.8% for the pulse centered at λ E , due to its close proximity of the sharp bandedge. The results show that the spectral fluctuations have a negligible effect on the delayed pulse shape through the device, because their contribution is averaged on the signal spectrum. We also implement simulations of pulse propagation with various pulse widths and fixed central wavelength at λ C , which is near the center of the passband, as shown in Fig. 4(d) . For the incident pulse widths of 50 fs, 100 fs, 150 fs, 200 fs, and 250 fs, the time delays are 144 fs, 148 fs, 150 fs, 151 fs, and 158 fs, respectively; the power attenuations are 7.4%, 14.1%, 15.4%, 15.5%, and 15.5%, respectively; and the output pulse widths are 88 fs, 111 fs, 152 fs, 201 fs, and 251 fs, respectively. It is found that the distortion decreases with the pulse width generally, which is negligible (distortion < 1.3%) for width larger than 150 fs. For pulse width of 50 fs, though more bit-slots can be delayed, the distortion becomes significant, and the power attenuation is even lower. Therefore, there is a trade-off between low dispersion and high capacity for one slow-light device.
Based on the previous structure, we can further tune the transparency window and time delay by changing the refractive index of the material filled in the resonators and waveguides [27] . Fig. 5 illustrates the simulated power transmission and time delay spectra with a varied dielectric refractive index using the FDTD method. We can see that as the dielectric refractive index is increased from 1 to 1.03, the spectral shapes of transmission and time delay are mostly maintained. Meanwhile, it is noteworthy that the transparency and slow-light regime is gradually red-shifted by 24.5 nm, which is larger than the 3-dB bandwidth of 21.4 nm for this waveguiding system. Hence, this technique provides an effective way to manipulate the slow-light properties of the proposed periodic structure. 
Slow-Light Characteristics of More Cascaded PIT Units
In the following, we add more unit cells to the configuration studied in Fig. 3(c) , and investigate the optical properties of the obtained periodic structure. The numerical results are presented in Fig. 6 . We find that as the number of unit cells (N ) increases, subtle fluctuations occur more frequently in the power transmission, and the phase shift curve becomes much steeper in the transparency window. Fig. 6(c) shows that the increase of N results in the increase of delay generally. In addition, for a larger N, the delay exhibits more frequent fluctuations, and it increases more considerably with the wavelength on the whole. Note that an extreme point of time delay exists for all the periodic structures with N = 2, 3, 4, 5, and 6 around the wavelength of 834.3 nm, which is near the center of passband. It implies that the GVD at this wavelength approaches zero, which enables lowdistortion pulse propagation. Fig. 6(d) plots the group index at 834.3 nm and 3-dB bandwidth of the system as a function of N. The group index n g is calculated according to n g = c/v g = τ d c/L n . It is seen that the group index increases with N slightly and approaches a constant value of 36. As N increasing from 1 to 6, the bandwidth is firstly broadened from 19.7 nm to larger than 21 nm, and to the maximum of 22.4 nm for N = 4, and then it begins to fall down.
From Fig. 6(a) and (c), we find that the bandwidth of power transmission is obviously smaller than that of time delay. Then, we can roughly estimate the DBP of system by τ d f = τ d c λ 3dB /λ 2 0 [28] , where λ 0 is the central wavelength (834.3 nm here), and λ 3dB is the 3-dB bandwidth. Large DBP has been archived for cascaded RBS units. For instance, the DBP reaches 1.6, 3.2, and 4.4 for N = 2, 4, and 6, respectively. After that, we investigate the pulse propagation in the periodic system to validate the high capacity. Fig. 7 presents the time evolution of the pulse propagating through the periodic waveguide system consisting of 2, 4, or 6 unit cells. As the pulse width is 150 fs, the incident pulse is delayed by 150 fs, 300 fs, and 450 fs with a distortion as low as 1.3%, 1.3%, and 0.7% for N = 2, 4, and 6, respectively. It means that a cascade of 6 modules can buffer 3 bits with negligible distortion in the proposed waveguide of only 4.0 μm in length. Thus, the storage efficiency is as high as 0.5 bit/unit. The power loss per every bit-delay is about 6.7 dB, attributed to the large propagation loss in plasmonic waveguides. The results illustrate that in this case the spectral fluctuations do not introduce a significant distortion. For comparison, the pulse width is then reduced to 100 fs, and we find that the delay of pulse over more bit-slots is possible. However, the signal distortion increases considerably, which has ever been explained in the last section. It is found that the plasmonic system has large propagation loss, which is mainly caused by the free-electron scattering in the metal. To reduce the loss, we can make use of stand-alone SPP amplifiers [29] . Another approach is adding optical gain to the dielectric core material [30] in our structure. The absorption loss in metal can be completely compensated by a sufficiently large gain. In this case, the structure should be re-designed, as the dielectric changes. After all, because of the high capacity, low dispersion, and ultra-compactness, the proposed waveguiding system may achieve potential applications in a variety of fields including optical buffering and optical storage.
The cascaded structure exhibits advantageous slow-light properties over the single unit structure. There is indirect coupling between the unit cells for the cascaded structure, while such coupling is absent in a single PIT unit. Hence, TMM is introduced to develop the theoretical framework of the cascaded structure, whereas the single unit structure only needs solution of ordinary differential equations. When multiple PIT units are cascaded, the coupling between the unit cells leads to a broad and moderately fluctuant transparency window, where the higher-order dispersions are around zero. As a result, high-capacity and dispersionless slow light can be achieved in the proposed structure. For example, 3 buffered bits have been realized with a negligible distortion in a 4-μm-long waveguide periodically coupled with bilaterally located ring and slot resonators.
Conclusion
In summary, we have presented a systematic investigation on a novel delay line based on a periodic plasmonic waveguide system consisting of multiple RBS structures exhibiting PIT effect. Owing to the large DBP of a unit cell, high-capacity and low-dispersion slow light is realized in the system by properly choosing the structural parameters. To describe the proposed system, a theoretical model is developed using the CMT-based TMM, and the theoretical results are confirmed by the FDTD simulations. As multiple PIT units cascaded, moderate ripples appear in the transmission and time delay spectra, resulting in a broad passband, GVD and TOD fluctuating around zero. It is found that the moderate spectral fluctuations do not have a significant effect on the output pulse shape. We demonstrate that 3 buffered bits and a storage efficiency of 0.5 bit/unit can be realized with negligible distortion in the periodic waveguide with a length of 4 μm, showing potential applications in future nanoscale integrated photonic systems.
